Abstract. We identify a scalar-tensor model embedded in the Horndeski action whose cosmological background and linear scalar fluctuations are degenerate with the concordance cosmology. The model admits a self-accelerated background expansion at late times that is stable against perturbations with a sound speed attributed to the new field that is equal to the speed of light. While degenerate in scalar fluctuations, self-acceleration of the model implies a present cosmological tensor mode propagation at 95% of the speed of light with a damping of the wave amplitude that is 5% less efficient than in general relativity. We show that these discrepancies are endemic to self-accelerated Horndeski theories with degenerate largescale structure and are tested with measurements of gravitational waves emitted by events at cosmological distances. Hence, gravitational-wave cosmology breaks the dark degeneracy in observations of the large-scale structure between two fundamentally different explanations of cosmic acceleration -a cosmological constant and a scalar-tensor modification of gravity. The gravitational wave event GW150914 recently detected with the aLIGO instruments and its potential association with a weak short gamma-ray burst observed with the Fermi GBM experiment may have provided this crucial measurement.
Introduction
Determining the nature underlying the late-time accelerated expansion of our Universe remains a difficult puzzle and prime endeavour to cosmologists nearly two decades after its discovery. In the concordance model, flat Λ Cold Dark Matter (ΛCDM), a cosmological constant Λ contributes the bulk of the present energy density in the cosmos and drives the acceleration in accordance with Einstein's theory of general relativity (GR). The cosmological constant may be attributed to a vacuum energy but its observed value is theoretically not understood, being O(10 60−120 ) smaller than expected. Alternatively, the presence of a scalar field permeating the Universe and modifying gravity may be responsible for the effect. However, stringent limitations from experiments within our Solar System, where GR has been verified [1], must be satisfied. A number of screening mechanisms [2] [3] [4] [5] [6] [7] have been identified that can suppress gravitational modifications and recover GR locally while still generating significant deviations at cosmological scales.
The nonlinear screening mechanisms can be divided into two main categories: one where screening relies on a suppression of the scalar field value such as is the case for chameleon [3] , symmetron [5] , and dilaton [6] models; the other operating through the gradients of the scalar field such as is the case for models with a Vainshtein [2] or k-mouflage mechanism [4] . For a model employing the first type of screening to explain cosmic acceleration, the field needs to transition from a large cosmological value to an insignificant one at Solar-System scales. The known mechanisms have been found to be not sufficiently efficient to accommodate both a self-acceleration and local viability [8, 9] . A large class of self-accelerated models employing Vainshtein screening [10] [11] [12] [13] experienced a similar fate in that they would suffer from theoretical problems [14, 15] , yield gravitational dynamics in high-density regions incompatible with Solar-System tests [15, 16] , or be inconsistent with the observed large-scale structure [17] [18] [19] . Moreover, given the absence of observational evidence of modifications in the large-scale structure with increasingly precise measurements [20] , these examples suggest that while a nonlinear screening mechanism may be a necessary condition to ensure local viability for scalar-tensor theories with universal coupling of the scalar field to baryons and dark matter, it may potentially not be a sufficient condition.
In a recent Letter [7] , we have shown the existence of scalar-tensor theories that in the well-tested quasistatic regime of linear cosmological perturbations reproduce the standard Poisson equation, which relates matter to metric fluctuations, and the standard match between the scalar metric potentials of the ΛCDM model. Yet in these models the modifications in the gravitational sector may be large enough to give rise to cosmic acceleration. The allowed model space naturally includes quintessence [21, 22] and k-essence [23] but also introduces previously unknown nonminimally coupled models that are linearly shielded, or cancelled, and can moreover provide an exact match to the ΛCDM expansion history. In this paper, adopting the unified dark energy formalism [24] [25] [26] [27] [28] [29] , we identify a scalar-tensor model embedded in the Horndeski action [30] [31] [32] that satisfies the linear shielding, or cancellation, conditions [7] . It moreover admits a self-acceleration of the late-time expansion of the cosmological background with the linear theory being free of ghost and gradient instabilities and with the sound speed of the new field corresponding to the speed of light. Solving the modified linearly perturbed Einstein field equations, we show that the scalar fluctuations of the model are degenerate with concordance cosmology at any scale, even beyond the quasistatic regime, but the requirement of self-acceleration leads to a detectable modification in the propagation of the tensor modes. We show that more generally a deviation between the propagation speed of gravitational waves and the speed of light is symptomatic for self-accelerated Horndeski models recovering the large-scale structure of ΛCDM or a dark energy model.
In Sec. 2, we briefly review the concept of a self-accelerated late-time expansion due to a modification of gravity. We discuss the effects that modifying gravity can have in consequence on the formation of structure and propagation of gravitational waves. We then specialise to scalar-tensor theories and review the linear shielding mechanism. In Sec. 3 we present the dark degeneracy that exists between scalar-tensor theories and ΛCDM in the cosmological background and large-scale structure, for which we analyse the effects on gravitational waves in Sec. 4. We also comment on the recent gravitational wave detection GW150914 by the Advanced Laser Interferometer Gravitational-Wave Observatory (aLIGO) [33] and the implication of a potentially associated weak short gamma-ray burst observed with the Fermi Gamma-ray Burst Monitor (GBM) [34] . Note that the model should not be confused with the degeneracy between dark matter and dark energy in an arbitrary joint dark sector fluid pointed out in Ref. [35] , although it may be viewed as originating from the same equivalence between the geometric and matter components underlying the Einstein field equations. Finally, we discuss our results in Sec. 5.
Cosmic acceleration from modified gravity
The lack of a sound theoretical understanding of the late-time accelerated expansion of our Universe motivates the consideration of extensions to Einstein gravity. However, not every modification of gravity necessarily provides a genuine alternative explanation to the cosmological constant or dark energy. Conceptually, we may think of a modification of the gravitational interactions as an additional force altering the free-fall geodesic motion of a particle expected from a metric satisfying the Einstein field equations with a modified matter sector. In comparison to this Einstein frame, we can define a frame in which the particle still moves along geodesics but where the metric satisfies a different field equation with a conventional matter sector. This is referred to as the Jordan frame. While in GR, there is no such difference in frame, when gravity is modified relations derived in each frame are distinct in form.
Let us assume that at least for the cosmological background there is a conformal factor Ω that maps the Jordan frame metric g µν to the Einstein frame metric
We assume a four-dimensional statistically spatially homogeneous and isotropic as well as flat (k 0 = 0) universe and define the Friedmann-Lemaître-Robertson-Walker (FLRW) metric in the Jordan frame by the line element
with scale factor a(t), defining the Hubble parameter H(t) ≡ d ln a/dt, and speed of light in vacuum set to unity here and throughout the paper. We also apply a transformation of the time coordinate to castg µν in the same form as Eq. (2.2), whereã(t) is the scale factor in terms of proper timet in the Einstein frame. We define that a cosmic acceleration in the Jordan frame which is genuinely due to a modification of gravity rather than a dark energy contribution in the matter sector should show no acceleration inã(t) (see, e.g., Ref. [9] ). Hence, while the observation of a late-time accelerated expansion implies
for a 0.6, for a generic self-acceleration from modified gravity, we expect that
where primes denote derivatives with respect to ln a here and throughout the paper. Thus, we expect that O(Ω /Ω) 1 for the modification to cause cosmic acceleration at late times. Note that this requirement excludes modified gravity models where |Ω /Ω| 1 but where contributions that can be absorbed in the matter sector may serve as an alternative explanation for the late-time acceleration. In this paper, we focus on models where the effect can predominantly be attributed to a modification of the metric sector and, hence, introduce a considerable difference between the two frames. Note however that an Einstein frame for a modification in Jordan frame does not always exist for arbitrary metrics [36] . Here, we only require that the Friedmann equations are mapped into the standard form by a transformation of Eq. (2.2) with Eq. (2.1). We shall refer to this relaxed condition as the Einstein-Friedmann frame.
Naturally, the gravitational modification should not only alter the cosmological background evolution but also change structure formation. To describe the effects on the largescale structure, we consider linear scalar perturbations around the FLRW metric in the Newtonian gauge with Ψ ≡ δg 00 /(2g 00 ) and Φ ≡ δg ii /(2g ii ). We adopt the total matter gauge for the matter fluctuations and work in Fourier space. To simplify notation, the perturbative quantities quoted shall only refer to their Fourier amplitudes of the plane waves with comoving wavenumber k, where in linear theory the phases factor out in the field equations. We restrict to a universe containing only pressureless dust p m = 0 with background matter density ρ m , perturbation ∆ m , and large-scale velocity flow V m . We then characterise the modifications introduced in the Einstein field equations by an alternative theory of gravity with an effective deviation in the Poisson equation, µ, and the introduction of a gravitational slip, γ, [37] [38] [39] [40] [41] [42] [43] 6) respectively, where κ 2 ≡ 8π G with bare gravitational constant G and k H ≡ k/(aH). Energymomentum conservation then closes the system of differential equations for the evolution of the scalar modes with 8) where ζ = Φ − V m /kH is the comoving curvature. Modifications of gravity also impact the cosmological propagation of gravitational waves described by the linear traceless spatial tensor perturbation,
where ν parametrises a running of the gravitational coupling that modifies the damping term and c T describes the speed of the tensor mode, which may deviate from the speed of light [44] . Note that a running in the gravitational coupling, in principle, also modifies the evolution of the vector modes [29] but this shall not be of concern here as they decay in the models we will consider in Sec. 3. The effective modifications introduced in the evolution of the scalar modes, Eqs. (2.5) through (2.8), and in the propagation of the tensor modes, Eq. (2.9), are sufficiently general to embed Horndeski scalar-tensor gravity [30] [31] [32] and its generalisation to higher-order-derivative equations of motion [45] . Concordance cosmology with standard gravity is restored when µ = γ = ν = c T = 1. In the following, we will specialise our discussion to modifications of gravity linearly equivalent to Horndeski scalar-tensor theory and describe the corresponding effective parametrisation defined with Eqs. (2.5) through (2.9).
Effective field theory
As an alternative to a cosmological constant, we shall consider the presence of a single lowenergy effective scalar field permeating our Universe and causing its late-time expansion to accelerate. Horndeski gravity [30] [31] [32] describes the most general local, Lorentz-covariant, and four-dimensional scalar-tensor theory where the Euler-Lagrange equations are at most second-order in the derivatives of the scalar and tensor fields. We adopt the effective field theory (EFT) of cosmic acceleration [24] [25] [26] [27] [28] [29] , or unified dark energy formalism, to describe its cosmological background evolution and the linear perturbations around it. The EFT action for Horndeski gravity, up to quadratic order, reads [7, 26, 27] 
The action is written in unitary gauge, where the time coordinate is chosen in order to absorb the scalar field perturbation in the metric g µν . The scalar-tensor model is then described by a combination of geometric operators that are invariant under time-dependent spatial diffeomorphisms with free time-dependent coefficients, for which we adopted the notation of Ref. [7] . R and R (3) denote the four-dimensional and spatial Ricci scalar, respectively, K µν is the extrinsic curvature tensor, and n µ describes the normal to surfaces of constant time, where δ indicates perturbations with respect to the background. The concordance model is recovered when Ω = 1, Λ is a constant, and the remaining coefficients vanish, but its phenomenology can be degenerate with other choices of the EFT functions as we will discuss in Sec. 3 (also see Ref. [7] ). The Friedmann equations, describing the background evolution, follow from variation of Eq. (2.10) with respect to the metric [7, 26, 27] , [7, [26] [27] [28] . While one function describes the cosmological background evolution, the others specify the linear perturbations. In order to describe the cosmological fluctuations implied by Eqs. (2.2) and (2.10), the time diffeomorphism t → t + π(t, x) with scalar field perturbation π is applied to the action to restore its full four-dimensional covariance. The corresponding modified Einstein field equations can be found in Refs. [26, 27] . Importantly, the EFT coefficient M 4 2 (t) does not contribute if performing a quasistatic approximation in the fluctuations by neglecting time derivatives of the metric potentials and large-scale velocity flows with respect to spatial derivatives and matter density fluctuations, respectively [7] .
For computational convenience, we shall also employ a parametrisation developed in Ref. [28] that characterises the free time-dependent functions of the EFT action, Eq. (2.10), with more direct physical and observational implications. We shall adopt the slightly different notation of Ref. [29] . The formalism separates out the expansion history H as the free function determining the cosmological background, which is related to the EFT functions Ω, Γ, and Λ by Eqs. (2.11) . Linear perturbations around the background are then characterised by four additional free functions of time, α i , each implying a different physical effect in the properties of the scalar-tensor theory:
The kineticity α K parametrises the contribution of a kinetic energy of the scalar field that causes the field to cluster at very large scales. The evolution of the gravitational coupling with the Planck mass
at the rate α M gives rise to a gravitational slip between the metric potentials Ψ and Φ, attributing an effective anisotropic stress to the model and a modification in the damping of gravitational waves. The braiding parameter α B captures the interaction of the scalar field and the metric through braiding, or mixing, of the kinetic contributions of these fields, causing the scalar field to cluster at small scales. Finally, the tensor speed alteration α T parametrises the deviation of the speed of gravitational waves from the speed of light, which also acts as an effective anisotropic stress and causes a clustering of the scalar field. As can be seen from Eq. (2.10), ΛCDM is recovered in the limit of α i = 0 ∀i. We refer to Refs. [28, 29, 46] for the resulting perturbed modified Einstein equations in this formalism as well as a combination of the field equations into two modified Einstein equations and the energy-momentum conservation equations that eliminates contributions of π, its derivatives, and Ψ . This combination can be used to cast the modifications of the evolution of scalar modes in the form of Eqs. (2.5) through (2.8) after adopting a quasistatic or semi-dynamical approximation for V m and the time derivatives of Φ (see Ref. [46] for more details). From the EFT action, Eq. (2.10), and in the small-scale limit of k → ∞, one obtains
14)
in Eqs. (2.5) and (2.6), respectively, where α ≡ 6α 2 B + α K and the sound speed associated with the scalar field is
Here, k → ∞ refers to a formal limit taken in linear theory, which in ΛCDM is typically applicable to scales of k 0.1 h −1 Mpc. The range of validity of linear computations can, however, vary with a modification of gravity [47, 48] . Note that contributions of α cancel in Eqs. (2.14) and (2.15) and hence α K does not affect the leading-order modifications at small scales. At the next-to-leading order, velocity fields and time derivatives of Φ contribute such that a quasistatic approximation eventually fails but a semi-dynamical extension can be employed to account for corrections from these contributions [46] . However, here we shall solve the full modified perturbed Einstein equations to derive the scalar fluctuations and use Eqs. (2.5) and (2.6) to determine µ(a, k) and γ(a, k). For the tensor fluctuations in Eq. (2.9) it follows that [29, 44] 17) which directly relates the modifications in the scalar modes implied by Horndeski gravity to a modification of the propagation of gravitational waves. This relationship will become important to discriminate between a cosmological constant and a modification of gravity as the driver of cosmic acceleration in Sec. 4. Importantly, using Eqs. (2.12) we can derive the relation
It implies that for a cosmic acceleration which is genuinely due to modified gravity, where |Ω /Ω| 1 at late times as described in Eqs. (2.3) and (2.4), at least one of either α M or α T should be nonzero. Finally note that the results presented here can easily be generalised to beyond-Horndeski theories [45] , which introduce higher-order spatial derivatives in the modified Einstein equations, however, with a constraint equation ensuring a second-order equation for the propagating scalar degree of freedom. In this case, the term δg 00 δR (3) in Eq. (2.10) acquires an extra EFT coefficient independent ofM 2 2 (t), which can also be parametrised by the introduction of an additional parameter α H in Eqs. (2.12), where α H = 0 represents the limit of Horndeski gravity [29] . Importantly, however, in beyond-Horndeski models the quasistatic approximation fails at leading order for k → ∞ but Eqs. (2.14) and (2.15) can be generalised within a semi-dynamical description [46] .
Nonlinear screening
We have seen from Eqs. (2.12) that our requirement of O(Ω /Ω) 1 for self-acceleration implies that at least either α M or α T are roughly of order unity at late times, and so we would naturally expect O(1) modifications in Eqs. (2.14) and (2.15). Significant deviations from the GR values µ = γ = 1 can, however, not apply in the Solar-System region, where the gravitational dynamics has been well tested [1] . In particular, a deviation from the GR value γ PPN = 1 has been constrained at O(10 −5 ) by the Shapiro time delay measured in the frequency shift of radio waves sent to and from the Cassini spacecraft [49] . Hence, the modification has to be screened in the nonlinear local region. A variety of nonlinear screening mechanisms have been identified in scalar-tensor modifications of gravity. They can be characterised by two main categories: a screening of the scalar field value such as is the case in chameleon [3] models that acts through an appropriate form of the scalar field potential, or for symmetron [5] and dilaton [6] models with a particular form of the kinetic coupling in addition; the other screening mechanisms operate through derivative self-interactions of the scalar field such as is the case in Vainshtein screening [2] or k-mouflage models [4] . The effects that the different screening mechanisms can have on nonlinear cosmic structure formation have been studied in detail in N -body simulations [50, 51] , perturbation theory [52, 53] , as well as halo modelling [19, 47, [54] [55] [56] (see Ref. [57] for a review in chameleon gravity).
Models employing a screening mechanism operating through the suppression of the cosmological scalar field value in high-density regions have been found not to screen efficiently enough to accommodate both a self-acceleration and compatibility with Solar-System tests [8, 9] . At cosmological scales, the requirement of self-acceleration can furthermore introduce an anti-correlation between the integrated Sachs-Wolfe (ISW) effect and foreground galaxies [58] [59] [60] that is inconsistent with measurements [61, 62] . Note that for a wide range of chameleon gravity models cosmological constraints alone prohibit the modification as a genuine alternative explanation for cosmic acceleration to dark energy as |Ω /Ω| 1 [57] . This independent conclusion is important as it implies that chameleon models may not serve as an alternative explanation for acceleration even if the chameleon field is not universally coupled, for instance, only coupling to dark matter and, hence, naturally satisfying the baryonic Solar-System constraints.
The Vainshtein mechanism has been broadly studied in the context of the Dvali-Gabadadze-Porrati (DGP) [10] braneworld model and in the generalisation of its effective fourdimensional scalar-tensor limit, the Galileon models [12] , which both admit self-accelerating solutions. The self-accelerated DGP model suffers from a ghost instability [14] and also introduces an observational tension between the cosmological background expansion history and the cosmic microwave background [17] . If allowing for the contribution of a cosmological constant or a brane tension Λ, observations clearly favour the constant over a five-dimensional bulk effect [18] . Similarly, the quintic Galileon model has been found to provide an incomplete nonlinear solution [15] , the quartic model suppresses gravity in the high-density regime, yielding weak gravity that is incompatible with Solar-System tests [15] , and the cubic Galileon model is in observational tension with galaxy power spectra [19] and produces a negative galaxy-ISW cross correlation [63] inconsistent with observations. It has furthermore been argued that all Horndeski and beyond-Horndeski models that are endowed with a Galilean shift-symmetry of the scalar field in Minkowski space, including the weakly broken galileons [13] , are strongly constrained by the Cassini measurement and the Hulse-Taylor pulsar due to modified gravitational dynamics that is not screened by the Vainshtein mechanism.
More generally, however, if the covariant theory is not specified a priori, the description of increasingly nonlinear structure requires an expansion of the EFT action, Eq. (2.10), to higher-order perturbations, each additional term, in principle, introducing a new free timedependent coefficient. It is therefore nontrivial to connect the nonlinear to the linear behaviour of general gravitational modifications for which the covariant action is not specified. Moreover, for general Horndeski models, it can be shown that the screened and unscreened limits can be treated as independent gravitational theories as they are governed by different contributions in the gravitational action [64] . Finally, Eq. (2.10) is in principle also more general than Horndeski theory as it may describe the background evolution and linear perturbations of a modified gravity model that is equivalent up to quadratic order in the action but differs in the nonlinear behaviour from Horndeski gravity. Therefore, in order to place conservative constraints on the possibility of a self-acceleration through a scalar-tensor modification of gravity in general, we advocate the restriction to testing linear theory with linear observables, where both are well understood.
While a working nonlinear suppression mechanism may conservatively be assumed despite the challenges to the known mechanisms, possibly by involving both types of screening effects, the absence of evidence of modifications in the observed large-scale structure with increasingly precise measurements [20] further questions the concept of cosmic acceleration from modified gravity. Hence, featuring a nonlinear screening mechanism may potentially not be sufficient for a universally coupled and self-accelerated scalar-tensor theory to be observationally viable.
Linear shielding mechanism
In Ref. [7] we have shown the existence of scalar-tensor theories that recover the ΛCDM values µ(a, k) = γ(a, k) = 1 in the quasistatic regime of linear perturbations. They contain enough freedom to furthermore allow a matching of the concordance model background expansion history. As discussed in Sec. 2.1, the EFT formalism described by the action Eq. (2.10) and the FLRW metric Eq. (2.2) introduces five free functions of time, one of which is the scale factor a(t), or equivalently the Hubble parameter H(t). In the following, we shall require that the scalar-tensor models reproduce the ΛCDM expansion history by fixing H = H ΛCDM . Note that this implies an acceleration of a(t) in the Jordan frame, Eq. (2.3), but not necessarily of a(t) in the Einstein-Friedmann frame, Eq. (2.4), if |Ω /Ω| 1. Importantly, the quasistatic limit only applies when time derivatives of the metric potentials can be neglected with respect to spatial derivatives and when matter density fluctuations dominate over large-scale velocity flows. This generally applies at leading order to the linear cosmological perturbations of Horndeski theories in the small-scale limit but at the next-to-leading order, the velocity fields and time derivatives of the potentials can become important [46] . We follow Ref. [7] and require that µ ∞ = γ ∞ = 1 to linearly recover ΛCDM in the formal limit of k → ∞, which yields the linear shielding, or cancellation, conditions
These relations characterise the M II class of linearly shielded scalar-tensor theories (see Ref. [7] ) with the additional requirement of an embedding in Horndeski theory and H = H ΛCDM . This reduces the EFT coefficients to two free functions of time of which one is M 4 2 (t) as it is not constrained by Eqs. (2.19) and (2.20) . Note that the cancellation relations appear ad hoc in the EFT framework but in principle they may arise as a potential manifestation of a symmetry of a more fundamental theory.
While the linearly shielded models are degenerate with ΛCDM in the linear small-scale structure, deviations may still appear at ultra-large scales, where measurements are, however, typically limited by cosmic variance. As has been proposed in Refs. [65, 66] , information about gravitational interactions at these scales may be extracted from a multitracer analysis [67, 68] that measures the relativistic effects in galaxy clustering [69] [70] [71] [72] . Hereby galaxies in a galaxyredshift survey are divided into differently biased samples, combining observations at different modes, and cross correlating the data with weak gravitational shear fields. This procedure yields a measurement of the growth of matter density fluctuations that, in principle, is free of cosmic variance. As has been demonstrated in Ref. [66] , such a measurement can provide new constraints on modified gravity and dark energy. Deviations in the relativistic effects can be large in particular for models that intend to explain cosmic acceleration, where one would expect order unity modifications around the Hubble scale, as is the case, for instance, in the self-accelerated branch of DGP [17, 18, 41] . This implies the computation beyond the quasistatic limit for which, more generally, one could employ the semi-dynamical approximation [46] . However, note that for a model to cause any significant effects at these scales which can be competitively constrained compared to cosmological observations at smaller scales, and which are not already ruled out by current data, the modified gravity models need to employ some suppression mechanism like the linear cancellation effect discussed here. Conversely, as we will discuss in Sec. 3, in some linearly shielded cases, not even a sample-variance free measurement of the ultra-large scale structure may be able to discriminate between a scalar-tensor modification of gravity and a cosmological constant as the driver of cosmic acceleration.
Instead of working with the EFT coefficients of Eq. (2.10), we may also adopt the four α i functions of Eqs. (2.12) with the fifth fixed to H = H ΛCDM . The analogous relations to Eqs. (2.19) and (2.20) can be derived from requiring µ ∞ = γ ∞ = 1 in Eqs. (2.14) and (2.15). As α K does not affect the small-scale limit, it constitutes one of the two free functions of the resulting M II type models. If adopting α B as the other, we obtain the linear shielding constraints
21)
Note that if setting α B = 0, we only have the option of M 2 = 1/κ 2 with α M = α T = 0. Since α K is free, this scenario encompasses ΛCDM, quintessence, and k-essence models, although given the requirement of H ΛCDM the quintessence models also reduce to ΛCDM. There is a scenario in which α M = α T = 0 but where M 2 = 1/κ 2 , which leads to a differential equation for α B . However, as this implies a constant Ω from Eq. (2.18), the model is not of interest to self-acceleration and we shall not pursue it further. Importantly, note that for linear shielding to apply and Ω = 0, we need non-vanishing α M , α T , and α B . In particular, this generally implies a deviation between the propagation speed of gravitational waves and the speed of light.
A dark degeneracy
As discussed in Sec. 2.3, the EFT formalism of a linearly shielded Horndeski scalar-tensor theory that reproduces the concordance model background expansion history is defined by two free functions of time. One of the functions necessarily is M 4 2 (t) or α K if using the parametrisation in Eqs. (2.12). We are interested in models for which the gravitational modification yields a genuine self-acceleration with O(Ω / .3). Naturally, we therefore set the second free EFT coefficient by a parametrisation of Ω. We require that the modification only impacts the late universe and adopt a simple power law in terms of the scale factor a(t) to describe the deviation from the GR value Ω = 1,
with n > 0. Here, we fix n = 4 such that the modification increases faster in time than ρ m decreases. The evolution of the Hubble parameter H 2 /H 2 0 = Ω m (a −3 − 1) + 1 with H 0 = H(a = 1) and κ 2 ρ m /3 = H 2 0 Ω m a −3 , together with the conformal mapping Eq. (3.1), the Friedmann background evolution, Eqs. (2.11), determining Γ(t) and Λ(t), and the two linear shielding conditions (2.19) and (2.20) fix four of the five EFT functions in Eq. (2.10). The fifth EFT function M 4 2 (t) will be constrained by physicality conditions in Sec. 3.1. For illustration, we adopt the Planck value Ω m = 0.308 [73] such that up to M 4 2 (t), the model is fully described by the parameter Ω + .
Self-acceleration, linear cancellation, and stability conditions
Having specified H as well as the conformal factor and EFT function Ω, we evaluate d 2 a/dt 2 and d 2ã /dt 2 from Eqs. (2.3) and (2.4), respectively. Since we adopted a ΛCDM evolution for H, we have an accelerated scale factor a(t) in the Jordan frame by construction but the Einstein-Friedmann frame scale factorã(t) may not be accelerated depending on the magnitude of Ω + . In Fig. 1 , we show the acceleration of the scale factor in the different frames as a function of ln a for varying values of Ω + . From performing the conformal mapping, we find that for values of Ω + −0.1, our Universe has not undergone a positive acceleration in the late-time cosmic history in the Einstein-Friedmann frame. Hence, these models generate a sufficiently strong modification such that the observed acceleration may be attributed to a genuine modified gravity effect. Note that this choice of Ω + yields |Ω /Ω| 0.5 which is of the order of magnitude expected from the discussion in Sec. Figure 1 . Cosmic acceleration from a modification of gravity. In a genuinely self-accelerated modified gravity model, the conformal factor Ω maps a non-accelerated scale factorã(t) in the EinsteinFriedmann frame to the observed accelerated scale factor a(t) in the Jordan frame, which matches here the expansion history H(t) of the concordance cosmology ΛCDM. For d 2ã /dt 2 0 in the latetime universe, we require Ω + −0.1.
with initial conditions set to recover GR at early times, a i = 0.005, where for simplicity we assume a matter-only universe.
Next, we check that the background solution is stable against perturbations. Generally, there may be ghost and gradient instabilities caused by a wrong sign of the kinetic contribution of the scalar field fluctuation and when its sound speed is imaginary, respectively. To evade these instabilities in the scalar mode, we require that [28] 
where α and the sound speed c s have been defined in Sec. 2.1. To ensure the stability of the tensor modes, we need
Eqs. (3.2) and (3.3) also imply that α > 0. For the solutions to be physically well behaved, one may furthermore require that c s and c T should not be superluminal. Note that a dependency on α K enters c 2 s through α in Eq. (2.16) and hence on M 4 2 via Eqs. (2.12). In the following we shall require that the sound speed associated with the scalar field fluctuations equals the speed of light. Thus, setting c 2 s = 1 we can solve for M 4 2 and the linearly shielded modified gravity model becomes fully defined. We show the resulting EFT coefficients and α i parameters in Fig. 2 . The scalar-tensor model satisfies the stability constraints Eqs. (3.2) and (3.3) as can be seen from the left-hand panel of Fig. 3 . At early times, it recovers GR.
Degenerate large-scale structure
As the model described in Sec. 3.1 satisfies the linear cancellation conditions in Eqs. (2.19) and (2.20), the linear cosmological perturbations become indistinguishable from the concordance model in the small-scale regime, where µ ∞ = γ ∞ = 1. Next, we focus on the modifications µ(a, k) and γ(a, k) implied by the choice of EFT functions in Sec. 3.1 when k becomes comparable to the Hubble scale and scales beyond it. We first analyse the superhorizon limit This degeneracy extends to all scales with maximal deviations confined to the sub-percent level. Hence, the model cannot be tested with ongoing and planned surveys of the large-scale structure.
k → 0 and solve the corresponding second-order homogeneous linear differential equation for Φ derived in Ref. [46] with the α i parameters shown in Fig. 2 , assuming a constant Φ i set at an early time a i 1 in the matter-dominated era. We find that for the range of Ω + values shown in Fig. 1 , Φ evolves equivalently to ΛCDM with deviations confined within the level of O(10 −6 ) at any value of a. However, importantly the coefficients of the differential equation for Φ in the scalar-tensor theory do not agree with the coefficients of the corresponding evolution equation for Φ in ΛCDM. Hence, the degeneracy is encoded in the evolution of the EFT coefficients. For the ΛCDM model the computed evolution applies to all linear scales, which is a consequence of momentum conservation and conservation of the comoving curvature fluctuation.
Next, we solve the full linearly perturbed modified Einstein equations implied by the EFT action, Eq. (2.10), given in the appendix of Ref. [46] , assuming GR initial conditions for the fluctuations at an early time a i 1 in the matter-dominated era. More specifically, we solve the energy-momentum conservation equations along with the time-time and the time derivative of the space-space components of the field equations, where we eliminate contributions of π and π using the traceless space-space and time-space components, respectively [46] . We evaluate the evolution of the perturbations for a range of wavenumbers spanning superto sub-Hubble scales k/H 0 ∈ [0.1, 100] in logarithmic spacings of ∆ log 10 k = 0.01 and for the different values of Ω + given in Fig. 1 . At each k, we then compute µ(a, k) and γ(a, k) by employing Eqs. (2.5) and (2.6). We find no deviation from γ = µ = 1 exceeding the few permille level throughout the cosmic history for any of the wavenumbers and any Ω + values analysed. Whether these deviations, oscillating around the ΛCDM values, are simply numerical artefacts or the degeneracy between the numerically evaluated perturbations of the models can be shown to be mathematically exact remains subject to future work. This may be an involved task, as in order to determine the fluctuations, we have employed a combination of modified perturbed Einstein equations, forming a coupled set of first-order linear differential equations whose coefficients are determined from solving the linear cancellation conditions that formulate a pair of coupled first-order nonlinear differential equations. Note, however, that deviations of this small magnitude cannot be constrained by current cosmological data on the scalar fluctuations [20] and for modified gravity models comparable to Eq. (3.1), it has also been estimated that planned future surveys of the large-scale structure will only constrain µ and γ at the level of 10% and 30%, respectively [74] . Our results therefore imply the existence of a submodel of Horndeski scalar-tensor gravity, whose linear large-scale structure and background expansion history are indistinguishable from concordance cosmology, yet whose background evolution is self-accelerated.
The right-hand panel of Fig. 3 shows the degeneracy between the linear cosmological perturbations of ΛCDM and the scalar-tensor models studied here, including a reconstruction of the scalar field fluctuation π from the traceless space-space component. For explicitness, we show the evolution of the modified gravity perturbations computed at the Hubble scale k = H 0 , where one would typically expect large deviations for a self-accelerated modified gravity model but where departures from the ΛCDM perturbations remain within the level of 2 × 10 −5 .
Nonlinear completion
Finally, while the gravitational modifications in the model discussed here cancel at linear scales, this may no longer hold in the nonlinear regime since the scalar field itself is not screened, as can be seen in Fig. 2 . Linear cancellation models may therefore still need to invoke a nonlinear screening mechanism on nonlinear scales. As discussed in Sec. 2.2, this is not an unfeasible requirement as an expansion of the EFT action to higher orders than second naturally introduces further free and independent coefficients, which then may be defined to yield a nonlinear shielding or cancellation effect. A more natural approach to implement a nonlinear screening mechanism, however, would be to reconstruct a fully covariant scalartensor theory from the specified EFT coefficients in Fig. 2 , for instance through re-introducing the scalar field φ by the replacement of t → κ 2 φ in the metric operators of Eq. (2.10) [26] .
As the reconstruction of the nonlinear theory from the second-order action is not unique, the nonlinear freedom could then be used to implement a nonlinear screening effect. However, the nonlinear completion of the linearly shielded model studied here lies beyond the scope of this paper and remains subject to future work. As advocated in Sec. 2.2 due to the ambiguity to connect nonlinear behaviour to linear theory and the accelerated expansion history, we conservatively focus on linear observables only. Note that modified gravity models that would be shielded on linear scales but allow for some deviations in nonlinear observables before being screened again in the Solar System may provide an interesting phenomenology of its own even if not intended as explanation for cosmic acceleration, for instance, if considered in the context of ΛCDM problems in the substructure [75] .
Breaking the degeneracy with gravitational waves
As emphasised in Sec. 2, a modification of gravity may not just manifest itself in the cosmological large scale-structure but one should also expect a change in the propagation of tensor modes. Therefore the measurement of gravitational waves emitted from events at cosmological distances may naturally be considered as a possibility to break the dark degeneracy in the large-scale structure and cosmic background expansion identified in Sec. 3. More specifically, as we can see from Eq. (2.9), a running of the Planck mass α M impacts the damping term of the wave equation whereas α T changes the speed c T at which the gravitational wave propagates. These effects have been used to constrain early modifications of gravity with the B-mode power spectrum of the cosmic microwave background [76] [77] [78] . However, as we focus on mechanisms for self-acceleration, we require either a direct detection of the primordial gravitational waves or constraints from other events at cosmological distances affected by late-time effects. With the recent gravitational wave detection GW150914 from a merger of two black holes at (0.4 ± 0.2) Gpc with aLIGO [33] such a constraint is obtained if the weak short gamma-ray burst measured by the Fermi GBM experiment [34] can be associated with the same event (GRB150914), requiring α T 0. As we have seen in Sec. 3, self-acceleration of the degenerate model is intimately related to the changes in α M and α T . More specifically, it set a requirement on the modification of Ω + −0.1, which implied α M0 −0.13 and α T0 −0.07 with α i0 = α i (a = 1) as shown in Fig. 2 . Unlike the scalar fluctuations, however, the effects on the gravitational wave propagation are not degenerate, as we have checked by solving Eq. (2.9) with initial conditions at an early time a i 1 in the matter-dominated regime. Both frequency and amplitude of the tensor modes differ in ΛCDM.
In addition to the direct detection of gravitational waves, some indirect constraints can be inferred from astrophysical observations such as the orbital energy loss of binary pulsars that tests the coupling of matter sources to tensor waves. However, as advocated in Sec. 2.2, for fully general constraints on the possibility of scalar-tensor modifications to explain cosmic acceleration, we conservatively assume that a screening mechanism may suppress the gravitational modifications in the galactic region and, hence, that the cosmological modification has no impact on the binary pulsars. A constraint on the speed of gravitational waves can also be inferred from the observation of ultra-high energy cosmic rays of O(10 11 GeV). If c T is subluminal, the cosmic rays should quickly lose their energy due to gravitational Cherenkov radiation at a rate of their energy squared and would not reach Earth. If the cosmic rays are of galactic origin at around a 10 kpc distance, c T may only deviate at O(10 −15 ) from the speed of light, and if of cosmological origin at around 2 Gpc, the constraint tightens to O(10 −19 ) [79] (also see Ref. [80] ). Note that these constraints only apply for subluminal c T as there would be no gravitational Cherenkov radiation otherwise. Conservatively, we may not interpret these constraints as evidence against the presence of a cosmological scalar field with α T = 0 as in the case of galactic origin of these cosmic rays, the gravitational modifications could be screened such that the tensor modes propagate at the speed of light and no gravitational Cherenkov radiation is produced. Moreover, as the constraints apply to gravitational waves with very short wavelengths of high energy they may not be directly applicable to the low-energy EFT of consideration here [16] .
Direct detection of gravitational waves
With the recent gravitational wave detection GW150914 by aLIGO, we have entered the era of gravitational wave astronomy. The radiation from astrophysical events will also be measured in other second-generation ground-based experiments such as the Advanced Virgo (aVIRGO) [81] interferometer and the Kamioka Gravitational Wave Detector (KAGRA) [82] and then with the proposed third-generation space-based missions like the DECI-Hertz Interferometer Gravitational wave Observatory (DECIGO) [83] and the Evolved Laser Interferometer Space Antenna (eLISA) [84] . Further in the future the detectors may be improved with the Big Bang Observer (BBO) [85] and ground-based missions like LIGOIII [86] and the Einstein Telescope (ET) [87] . Of particular interest are supernova events and short gammaray bursts for which both the gravitational wave and photon or neutrino emissions can be measured. Second-generation observatories and current neutrino detectors operating over the next few years will measure the emissions from supernovae out to a distance of 100 kpc, roughly the size of the Milky Way. Short gamma-ray bursts can be associated with binary mergers between neutron stars or between a neutron star and a black hole and with secondgeneration instruments the tensor waves emitted should be detectable within about 200 Mpc and 700 Mpc, respectively. Note that the weak short gamma-ray burst measured by the Fermi GBM experiment simultaneously with GW150914 suggests that gamma-ray bursts may also be emitted by the merger of two black holes. Supernovae need to be close enough for the gravitational waves to be measured and conversely, the gamma-ray bursts need to be aligned to allow the observation of the electromagnetic emission. In both cases, the probability of a simultaneous detection of the different emissions is therefore low. Within these volumes, one should only expect a few supernovae per century and a few simultaneous detections per century and per year of the tensor waves and electromagnetic radiation from the mergers between neutron stars or a merger with a black hole, respectively [88] , i.e., in addition to the possibly connected simultaneous observation of GW150914 from a black hole merger and GRB150914. Future instruments may detect O(10 5−6 ) of such binary mergers up to z = 2 and z = 4 or about 5 Gpc and 7 Gpc, respectively, mostly in the range of z = 1 − 3, whereby one can anticipate hundreds to a thousand simultaneous observations of short gamma-ray bursts within a few years of operation [88, 89] .
Comparing arrival times
With the simultaneous observation of the gravitational wave and electromagnetic or neutrino emissions from an astrophysical event, a difference in the speed of the tensor mode propagation from the speed of light as encountered in Sec. 3 is naturally constrained by the direct comparison of the arrival times of the different emissions. Importantly, although the number of simultaneous detections are expected to be low with the second-generation experiments described in Sec. 4.1, but likely with one already achieved by the GW+GRB150914 observations, we explain here how the confirmation of a single such observation suffices to break the dark degeneracy and as can be seen from Eq. (2.18) rule out a large class of self-accelerated scalartensor theories. To estimate the effect of the scalar-tensor modification on the relative arrival times, we assume that the binary mergers and the supernovae lie in well screened regions of space where GR is recovered and therefore deviations may only arise from the propagation of the gravitational wave through space. There is an intrinsic delay between the emission times of the different radiative components but it is well understood from numerical studies and for the magnitude of the effect that we are concerned with here, where ∆c T ≡ | √ 1 + α T − 1| is in the few percent region, this delay is not relevant. Likewise, detection timing errors, the mass effect of neutrinos, and distance uncertainties can also be neglected. More specifically, for supernovae, the intrinsic time delay between the gravitational wave and neutrino emission is 10 −3 s, and a conservative estimate for the time delay between the tensor wave and photon emission in short gamma-ray bursts is 500 s [88] . While there may only be a few useful events per century from supernovae and a few per year from short gamma-ray bursts that can be measured with second-generation experiments as discussed in Sec. 4.1, a single simultaneous observation within the interval of the specific time delays places very tight constraints on ∆c T of O(10 −15 ) and O(10 −14 ), respectively [88] . These constraints apply to both subluminal and superluminal propagation and may recently have been achieved with the GW+GRB150914 observations. Conservatively, the gravitational waves from supernovae measured with aLIGO or aVIRGO may be assumed to be screened since originating from within the Milky Way. The ET and next-generation neutrino detectors such as Hyper Kamioka Nucleon Decay Experiment (Hyper-Kamiokande) [90] may reach 1 Mpc and improve the constraint on ∆c T by about an order of magnitude. However, this region may potentially still be screened by the local galaxy cluster such that the constraint may not be applicable in general. For the cosmological distances measured with short gamma-ray bursts one also needs to take into account the cosmic expansion. A dependence on redshift enters through the emission delays with the highest sensitivity reached around 1 < z < 3 and for an event at z = 1 or ∼ 3 Gpc, a constraint on ∆c T at the level of O(10 −15 ) can be inferred [88] .
Such constraints have profound implications for the degenerate models of Sec. 3. For a measurement of the emission of a short gamma-ray burst at the cosmic distance of z = 1, from the requirement of self-acceleration and with the redshift dependence of α T , one would anticipate a 3% effect on the propagation time which implies a delay in the arrival of the gravitational wave of 10 8 years. For a source at 200 Mpc, it would be a 0.5% effect with a delay of more than several million years. Hence, for the degenerate model discussed in Sec. 3, we cannot expect to measure the gravitational wave when observing the event in the electromagnetic emission. Therefore, the association of the gravitational wave GW150914 from a merger of two black holes at ∼ 400 Mpc with the weak short gamma-ray burst GRB150904, if confirmed, may be the crucial observation that breaks the dark degeneracy.
Standard sirens
Besides the relative arrival time of the cosmological gravitational wave signal to its electromagnetic counterpart, the measurement of the amplitude and frequency of the tensor wave as well as their evolution allows to infer further constraints on cosmology, dark energy, and gravity. The chirping time of an inspiral or merger event together with its orbital frequency and strain provides a measurement of the luminosity distance D L to the source from the decay of the gravitational wave amplitude with 1/D L . If combined with a measurement of the redshift of the source and with enough samples, this can yield a high-precision probe of the cosmological background expansion and serve as a standard siren [91, 92] . The difficulty, however, lies in identifying the host galaxies of the binaries to associate the correct redshifts to the distance measure. The electromagnetic emission of short-gamma ray bursts mentioned in Sec. 4.1 could be used for this purpose. The second-generation detectors may only provide a dozen such samples that will not suffice for a precision measurement of D L (z). In future experiments for about a thousand of them a redshift may be inferred and with decreasing detection error in the volume, an identification of the host galaxy may also become possible without electromagnetic counterpart from the event and increase the number of standard sirens to O(10 5−6 ), enabling precision tests of cosmology. An identification of the redshifts of the gravitational wave signals without electromagnetic measurement may also be possible through the Doppler-modulation caused by the motion of the instrument around the Sun. The eLISA should detect dozens of inspirals of supermassive black holes per year and may use the effect to make about one such observation every year for objects within z 1 [84] . Cosmological tests with standard sirens are limited by the magnification effect from gravitational lensing generated by the matter distribution between the source and the observer. For the second-generation detectors the effect is less important as their detection range is limited to about 1 Gpc but for future experiments observing sources at 3 Gpc, the effect on D L can reach a few percent. The magnification can be modelled from weak lensing maps generated by measurements of the deformation of galaxy images. With high enough angular resolution of the gravitational wave detector, the effect could also be used as an additional probe of the growth of cosmic structure. Second-generation experiments should allow a measurement of the luminosity distance ∆D L /D L within several percent while future instruments should achieve percent-level precision with the error dominated by the magnification effect [89, 93] .
While providing a precision probe for the cosmological background evolution, standard sirens will also test potential modifications of gravity. As discussed in Sec. 2, a running of the Planck mass α M = 0 introduces a deviation in the damping term of the gravitational wave equation, Eq. (2.9), which affects the amplitude of the observed tensor wave, and together with α T = 0 also changes the observed frequency of the wave. We shall assume that the mergers lie in a well-screened regime where GR is recovered and that hence the gravitational modification only impacts the propagation of the gravitational wave through space as described by Eq. (2.9). For simplicity, we also assume that the decay in amplitude can be measured at the same precision as in GR. In order to estimate the effect of nonzero α M on this decay, we shall further approximate the damping term and its modification as constant effects averaged over the redshift to the source. For the degenerate model of Sec. 3 with α M0 −0.13 and for a source at z = 1, the decay of the gravitational wave amplitude becomes 5% less efficient. With the precision of ∆D L /D L ≈ 1% that can be inferred from the decay of the amplitude in GR in future experiments, we likewise estimate that the gravitational modification would roughly be detectable at the 5σ-level, provided that the background parameters can be sufficiently constrained by complementary electromagnetic measurements. Note that the dominating magnification error of the measurement is not affected by the modification due to the degeneracy in the large-scale structure.
Implications for self-accelerated scalar-tensor gravity
A measurement of both α M and α T from standard sirens and the arrival times of the gravitational wave and electromagnetic signals also has more generally important implications for the concept of self-acceleration through a scalar-tensor modification of gravity. For instance, a simultaneous arrival of the different emissions not only strongly constrains the available EFT model space by requiring α T 0 but also limits the self-accelerated scalar-tensor theories to Shaded regions indicate allowed regions. As described in Eq. (2.18) scalartensor theories require at least either α M or α T to be O(0.1−1) for a self-accelerated cosmic expansion due to modified gravity, here schematically set by |Ω /Ω| z=0 0.5 and assuming α T /α T ≈ 4. The dark degeneracy model introduced in Sec. 3 cannot be discriminated from ΛCDM with measurements of the cosmological background expansion and large-scale structure but its self-accelerating regime can be tested with gravitational wave cosmology. More generally, the simultaneous measurement of the gravitational wave and electromagnetic emissions of a cosmological event implies α T 0 and limits self-acceleration to an effect due to O(α M ) 0.5, which could either be ruled out by future constraints from large-scale structure (LSS) or from standard sirens, challenging the concept of selfacceleration from a scalar-tensor modification of gravity. Note that such a simultaneous measurement may potentially already have been achieved with the recent gravitational wave observation GW150914 with aLIGO [33] and a weak short gamma-ray burst measured by the Fermi GBM experiment [34] . models with O(α M ) (0.1−1) at late times as can be seen from Eq. (2.18). Such models may be constrained by standard sirens but as they must also show a signature in the large-scale structure as discussed in Sec. 2.3, for which strong independent electromagnetic constraints will be available, a single measurement of a gravitational wave from a cosmological event with electromagnetic counterpart may likely rule out the idea that cosmic acceleration could be due to a gravitational modification from scalar-tensor gravity, at least for the Horndeski models considered here. The GW+GRB150914 detections may likely have provided this crucial measurement. As pointed out in Sec. 3.2, future surveys of the large-scale structure will place constraints on modifications of the scalar fluctuations comparable to Eq. (3.1) that are of the order of 10% in µ and 30% in γ [74] . This approximately translates to constraints on α M and α T that are at the level of 5%. We schematically illustrate the situation in Fig. 4 . Note that Eq. (2.18) also holds in beyond-Horndeski models and a similar conclusion applies unless α H can cancel modifications in the large-scale structure and limit constraints on α M to tests with standard sirens.
Conclusions
We have identified a Horndeski scalar-tensor model whose cosmological background expansion and linear scalar perturbations are indistinguishable from the concordance cosmology. The model can be characterised by a single new parameter that describes the magnitude of the conformal mapping between the Einstein-Friedmann and Jordan frames of the background cosmology. If this parameter exceeds a specified threshold, the model provides a late-time acceleration of the cosmic expansion that can genuinely be attributed to a modification of gravity rather than a cosmological constant or dark energy as it does not show any acceleration in the Einstein-Friedmann frame. The linear model is furthermore free of ghost and gradient instabilities and attributes a sound speed to the scalar field fluctuations which equals the speed of light. While degenerate in the scalar modes, the requirement of self-acceleration implies a present propagation speed of gravitational waves emitted by cosmological sources at 95% of the speed of light. It also predicts a damping of the wave amplitude that is 5% less efficient than in GR. We have discussed the observability of these effects with current and future gravitational wave detectors and the implication of a potential association of the recent gravitational wave detection GW150914 by aLIGO with a weak short gamma-ray burst measured by the Fermi GBM experiment.
Our results suggest that the surveys mapping the cosmological structure of our Universe and measurements of the cosmic background evolution alone are not sufficient to ultimately discriminate between a cosmological constant or a dark energy and a modification of gravity as the driver of cosmic acceleration. In order to draw general and conservative conclusions, we have limited our discussion to linear theory as modifications at nonlinear scales may be affected by complex screening effects, potentially involving different shielding mechanisms in different astrophysical regimes, which limits a general connection to the modifications driving the cosmological background evolution. Whether the dark degeneracy can generally be broken by the consideration of nonlinear observables remains subject to future work. Here, we have shown that at least for Horndeski scalar-tensor theories this linear degeneracy in the explanation of cosmic acceleration can be broken by a single simultaneous measurement of the gravitational wave and electromagnetic emissions from an event at a cosmological distance, likely recently achieved by the simultaneous GW+GRB150914 observations. We have furthermore described how such a measurement may more generally imply a severe challenge to the concept of a genuine self-acceleration due to a scalar-tensor modification of gravity. With second-generation gravitational wave detectors in operation, if not already succeeded, it is conceivable that such a measurement may be done within the next few years.
